Cells are dynamic systems capable of switching from isotropic growth to polarized growth even in the absence of any pre-existing external asymmetry. Here, we study this process of symmetry breaking in the acellular slime mould Physarum polycephalum. In these experiments, slime moulds could grow on two identical opposed sources of calcium. We highlighted a positive correlation between growth dynamic, level of symmetry breaking and calcium concentration. We identified three populations of slime moulds within our clonal lineage with similar symmetry breaking behaviours but different motility characteristics. These behavioural differences between slime moulds emerged in the absence of any environmental differences. Such behavioural plasticity could generate cellular diversity, which can be critical for survival.
Introduction
Symmetry breaking is a spontaneous process by which a system in a homogeneous environment becomes asymmetric. Classically, symmetry breaking is controlled by various parameters. When one of these parameters reaches a critical value, the homogeneous system loses its stability and an asymmetrical state emerges. This fundamental process underlies the diversification of biological structures and functions. For instance, at the cellular level, symmetry breaking can generate a polarization of the cells, which is critical for the formation of tissues and organs (such as the epithelium [1] ) and for directional cell motility [2] . Cell migration can be spontaneous in a random direction (fibroblasts: [3, 4] , Dictyostelium: [5] ) or directed towards localized cues [6] . Mechanisms of symmetry breaking have been mostly studied in chemotactic cells, such as neutrophils [2] and Dictyostelium [5] .
In this paper, we scrutinize such symmetry breaking in Physarum polycephalum (class: Myxogastria, order: Physarales). This acellular slime mould inhabits shady, temperate and moist areas, and feeds on bacteria and fungi by phagocytosis. In one stage of its life cycle, P. polycephalum exists as a large multinucleated amoeboid cell, known as a plasmodium, able to move up to 5 cm h 21 . The plasmodium movement is directed by external stimuli, including gradients of nutrients [7] or cues left by congeners [8, 9] . This model organism demonstrates key aspects of complex decision-making related to the intrinsic ability to break symmetry, i.e. to directionally migrate, such as finding the shortest path through a maze [10] and learning to ignore repulsive stimuli [11] .
Most of the experiments conducted on the plasmodium of P. polycephalum use one or a few lineages of clones; a plasmodium can be cut into many autonomous cells that can be used to conduct experiments or maintain the culture. This particular property makes the slime mould an ideal organism to study clonal behavioural variability. Only few publications demonstrate differences in behaviour within clones reared in the same conditions, such as in bacteria [12] and aphids [13] . The behavioural plasticity of the slime mould has been highlighted in many articles but none focuses on the behavioural variability within a clonal lineage. Here, we investigate how the concentration of an attractant (calcium [7] ) influences the degree of symmetry breaking between clones from a unique lineage. Our hypothesis is that slime moulds change from equal growth in all directions to directed growth when the environmental concentration of calcium increases.
Material and methods
To investigate symmetry breaking in slime moulds, we studied how an individual distributed itself between two equal agar gel branches containing an attractant: calcium (figure 1a). We tested three concentrations: 0.05, 0.005 and 0.0005 M of CaHPO 4 . We used slime moulds reared in 12 Petri dishes (named A to L) that were clones kept in the same conditions and originating from a unique sclerotia (dormant stage of P. polycephalum; electronic supplementary material). Three slime moulds cut from these 12 Petri dishes were tested for each concentration (electronic supplementary material, figure  S1 ), leading to a total of 108 experiments.
The area covered by the slime mould on each branch was measured every 5 min and the total surface was the sum of the area covered on each branch. The time when the slime mould first contacted one of the branches defined the individual start time. The time when the slime mould reached its maximum total surface (MTS) within 24 h determined the individual stop time (IST). We computed the mean speed of the slime mould as MTS/(IST 2 start time). A branch 'won' when the surface on that branch (winning branch) was more than 50% of the total surface at the IST. The level of symmetry breaking was computed as the surface of slime mould on the winning branch at the IST divided by the total surface at the IST. When the level of symmetry breaking was more than 66%, we considered that the slime mould made a clear choice (asymmetric distribution); otherwise, we assumed that it did not make a choice (symmetric distribution).
Results
The individual start time did not depend on the concentration of calcium; all slime moulds contacted one of the two branches approximately 2 h after the beginning of the experiment (electronic supplementary material, table S1; figure 1c). The total surface dynamic, the MTS and the mean speed increased with calcium concentration (electronic supplementary material, table S1; figure 1b,d,e).
We demonstrated that the proportion of slime moulds choosing one of the two branches was impacted by the concentration of calcium (figure 1f-h; at the IST,
At the lowest concentration of calcium, the slime moulds exploited both branches equally (figure 1f; at the IST,
, while symmetry breaking occurred for the highest concentration of calcium as most of the slime moulds committed to one branch (figure 1h; at the IST,
For the intermediate concentration, half of the slime moulds exploited both branches equally, while the other half preferentially grew on one branch (figure 1g; at the IST,
Regarding the choice dynamic (figure 1i-k), all slime moulds first started to grow simultaneously on both branches, and then chose one of the branches for 0.05 and 0.005 M. The main difference between these two concentrations arises from the proportion of slime moulds choosing one branch (figure 1g,h) and the latency to choose it (figure 1j,k), i.e. to break the symmetry (130 and 375 min before the IST for 0.005 and 0.05 M calcium, respectively). We found no correlation between any of the three slime mould motile behaviour characteristics (start time, mean speed and MTS) and the level of symmetry breaking (electronic supplementary material, table S2). However, we found a strong statistical effect of the Petri dish on the three behavioural variables (electronic supplementary material, table S1). To explore this effect, we used these three variables as criteria to cluster all the slime moulds used in our experiments. The clustering analysis revealed three large clusters encompassing 22, 60 and 26 slime moulds (electronic supplementary material, figure S2 ). Each cluster illustrates a population of slime moulds with distinct motile behaviours regardless of the calcium concentration. In the first cluster, slime moulds were characterized by short start time, high speed and large MTS (figure 2a-c). Slime moulds within the second cluster demonstrated short start time, low speed and small MTS ( figure 2a-c) . Lastly, slime moulds in the third cluster presented long start time, low speed and small MTS ( figure 2a-c) .
We studied how the slime moulds were distributed among these three populations by comparing the experimental results with expected data generated by bootstrap under the null hypothesis that slime moulds from the same Petri dish should be randomly distributed among three theoretical clusters with a probability of 22/108, 60/108 and 26/108. This was done by randomly allocating nine slime moulds to three theoretical clusters 100 000 times. In this way, 12 distributions of slime moulds can be generated. Figure 2d highlights a shift toward the most unpredictable distributions (electronic supplementary material, table S3) for the bootstrapped data compared with the experimental data (chi-squared goodness of fit, x 2 ¼ 56.873, p ¼ 0.002). Slime moulds from the same Petri dish belonged more often to the same cluster than expected by chance, indicating that slime moulds from the same Petri dish had similar growth characteristics consistently across the different calcium concentrations (see an example in figure 2e).
Discussion
Increase in attractant concentration (calcium) enhanced growth rate and promoted the transition from symmetrical to asymmetrical growth. This decision-making process corresponds to a shift from homogeneous exploration to digitated growth focused on one source. In the environment, this shift could be modulated by the external concentration of calcium. Two main non-exclusive mechanisms could explain these results: positive feedback and cross-inhibition. Previous findings indicate that positive feedback is at the heart of the cell's intrinsic ability to break symmetry through amplification of stochastic fluctuations [14] . In social groups, it is well known that competition between positive feedbacks underlies robust collective decisions [15] . In trail-laying ants, symmetry breaking correlated to stimulus attractiveness (e.g. food quality [16] ) is observed between trails leading to food resources;
rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180504 most of the ants exploited the same food source [17] . We consider pseudopods are growing on each branch as trails in competition; symmetry breaking results from positive feedback competition between each pseudopod. The second mechanism, cross-inhibition, is extensively discussed in the molecular biology literature [18] . In social insects, this mechanism also leads to magnitude-dependent symmetry breaking processes [19] . For example, in honeybees when rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180504 scouts are facing two equal nest sites A and B, scouts recruiting for site A send stop signals to individuals promoting site B and vice versa. This cross-inhibition contributes to the selection of a unique nest site [20] . In slime mould, the growth of a pseudopod would inhibit any other growth while calcium concentration would modulate this exclusion phenomenon.
In addition to the mechanisms discussed above, another feature of symmetry breaking, magnitude-dependent restoration of symmetry, has been observed in both insect colonies [21] and slime moulds [22] .
To the best of our knowledge, our study provides the first evidence of consistent behavioural differences between clones rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180504 from a single lineage reared in the same conditions across different treatments. Three behavioural categories were distinguished regardless of the level of symmetry breaking. These populations of slime moulds demonstrated similar symmetry breaking behaviours but different motility and growth characteristics that were consistent across the different calcium concentrations. Several hypotheses might explain the behavioural diversity. The growth rate of a slime mould could depend on the number of nuclei it contains [23] . Our slime moulds may have different density of nuclei resulting from random events during rearing or division of the plasmodium. A second hypothesis could be a difference in epigenetic markings modulating the expression of genes involved in the growth of the slime mould, as observed in cancer cells [24] . Regardless of the underlying mechanisms, these results highlight that, even at a cellular level, different behaviours lead to similar outcomes, which can be essential for survival.
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